The density, speed of sound, and viscosity of two rocket propellants (RP-1 and RP-2) have been measured. Densities were measured with two different instruments. Data at ambient atmospheric pressure were obtained with a rapid characterization instrument from 278.15 to 343.15 K that measured the speed of sound and density of the liquids in parallel. Adiabatic compressibilities derived from that data are included here. Densities of the compressed liquids were measured in an automated apparatus from 270 to 470 K and pressures to 40 MPa. Viscosities of the two liquids were measured in an open gravitational capillary viscometer at ambient atmospheric pressure from 293.15 to 373.15 K. The measurement results are consistent with compositional differences between the two samples. Correlations have been developed to represent the measured properties within the estimated uncertainties of the experimental data and to allow physically meaningful extrapolations beyond the range of the measurements. 
QUATIONS of state that accurately predict thermodynamic properties of fluids are often used to aid in the design of combustion machinery. These types of equations are the backbone of fluid properties databases such as the National Institute of Standards and Technology (NIST) software Reference Fluid Thermodynamic and Transport Properties (REFPROP) [1] . The formulation of accurate equations of state requires accurate thermophysical property data, in particular density and speed of sound over wide ranges of temperature and pressure. This is especially true when working with complex mixtures. Such data are presented here for the two rocket propellants RP-1 and RP-2. They were obtained using three different instruments to measure density, speed of sound, and viscosity at atmospheric pressure, and compressed liquid density in the combined range from 270 to 470 K with pressures to 40 MPa.
The measurements reported here were part of a larger effort at NIST to characterize two hydrocarbon rocket propellants, RP-1 and RP-2. The studies were undertaken to provide the United States Air Force with the information and tools necessary to design new rocket propellants that would facilitate the ability to use rocket motors multiple times. This requirement dictates that the fuel be very low in sulfur components, aromatics, and alkenes. RP-1 is considered the traditional hydrocarbon rocket propellant, and is a kerosenelike, complex mixture which typically includes linear and branched paraffins, alkenes, and aromatics [2, 3] . The RP-2 sample studied in this work was a reformulated grade of hydrocarbon rocket propellant. Properties investigated in this effort included distillation curves, thermal decomposition products, and thermophysical equilibrium and transport properties. These measurements facilitated the correlation of equations of state for each of the fluids, the ultimate tool to aid in efficient and effective design of advanced rocket engines.
Test Samples
RP-1 and RP-2 samples were provided by the Fuels Branch of the United States Air Force Research Laboratory, Wright-Patterson Air Force Base, Ohio. Their compositions were analyzed at NIST with a gas chromatography, mass spectrometry, infrared spectrometry method [3] , and compounds having chromatographic peak area counts in excess of 1% were reported. The differences between the two samples can be summarized as follows: the RP-1 sample contained alkanes up to C14 (methyltridecane isomers) and approximately 1% (peak area) aromatic hydrocarbons (1-methylnaphthalene), whereas the RP-2 sample contained alkanes up to C 16 (hexadecane) and no reported aromatic hydrocarbons. Other major differences between the RP-1 and RP-2 samples include the fact that RP-2 contained less sulfur, whereas RP-1 contained a pink dye additive.
The composition of the RP-1 sample was detailed in the publication of Bruno and Smith [3] . The critical temperatures of the RP-1 constituents as listed in the NIST Chemistry WebBook [4] range from 639 K for n-undecane to 772 K for 1-methylnaphthalene. This temperature range provides a rough estimate for the critical temperature of the RP-1 mixture.
The composition of the RP-2 sample is specified in the report of Ott et al. [5] . The content of different aromatic compounds and the higher content of alkanes in RP-2 results in a significantly different upper limit of the critical temperature and is given by the critical temperature of hexadecane at 722 K. Thus, a lower critical temperature is expected for RP-2 than for RP-1. The RP-2 sample contained a significantly higher fraction of larger alkane molecules than RP-1, which would result in a higher viscosity, especially at low temperatures, because this property is most sensitive to molecular size, shape, and charge distribution (polarity) that give rise to attractive and repulsive forces between molecules. Because of the complexity of the two mixtures, it is more difficult to anticipate how their composition influences their density and speed of sound.
Experimental
Two apparatus were used to perform the density measurements presented here. Both instruments employ vibrating-tube sensors. Their calibration and operating procedures have been described previously in the context of measurements of methyl-and propylcyclohexane [6] . A density and sound speed analyzer DSA 5000, Anton-Paar Corporation, ‡ was used to determine these properties at atmospheric pressure (0.083 MPa at the altitude of Boulder, Colorado). Temperature scans were programmed in the units of the instrument from 70 C to 10 C in decrements of 10 C followed by a single measurement at 5 C. Densities of the test liquids were measured during the same temperature scans that were carried out to obtain their speeds of sound. The relative standard deviation of the repeated density measurements was lower than 0.003%, and the manufacturer quoted uncertainty is 0.1% for both density and speed of sound. Compressed liquid density measurements were made with the fully automated densimeter of Outcalt and McLinden [7] over the temperature range of 270 to 470 K, and up to pressures of 40 MPa. The densimeter is calibrated with propane and toluene and the expanded uncertainty in density is calculated to be 0:64 kg m 3 to 0:81 kg m 3 (coverage factor k 2) [8] . Viscosity measurements were carried out at atmospheric pressure in the temperature range 293.15 to 373.15 K. The instrument used was an automated open gravitational flow viscometer with a suspended level Ubbelohde glass capillary of 200 mm length with upper reservoir bulbs for a kinematic viscosity range from 0:3 mm 2 s 1 to 30 mm 2 s 1 (miniAV, Cannon Instrument Company). The glass capillary is mounted in a thermostatting bath filled with silicone oil. The thermostat includes a stirrer, a heat pipe to a thermoelectric Peltier cooler at the top of the instrument, and a 100 platinum resistance temperature probe (PRT) that is read with an alternating current resistance bridge (F250, Automatic Systems Laboratories). The bath temperature is set with the operating software that is an integral part of the viscosity measurement system, and it is controlled within 0:02 K between 293.15 K and 373.15 K. The calibration of the PRT on the International Temperature Scale of 1990 was verified by comparison with a water triple point cell. The estimated uncertainty of the temperature measurement system is 0.02 K.
The capillary viscometer system allows viscosity measurements relative to liquids with accurately known viscosities. Calibrations were performed with certified viscosity standards N.4, N1.0, S3, and S6 obtained from the Cannon Instrument Company to determine the constants C and E of the working equation
The first term on the right hand side of this equation is the reformulated Hagen-Poiseuille expression for gravitational laminar flow in a circular tube, whereas the second term is the Hagenbach correction for kinetic energy losses. The symbol denotes the kinematic viscosity (momentum diffusivity) in mm 2 s 1 and t is the efflux time in seconds of a known volume of liquid flowing through the capillary. Efflux times are measured with three thermistor sensors on the outside of the capillary above, in between, and below the two measuring bulbs. The thermistors detect the passing of the liquid meniscus at their locations and trigger an internal stopwatch. Depending on the viscosity range the upper or middle thermistors are used to time the efflux of the test liquid through the respective measuring bulb of known volume.
The viscosity measurement system includes components to pump the test liquid into the upper measuring bulbs for repetitive efflux timings and to flush the capillary tube with two different solvents (hexanes and acetone) when the test liquid is changed. The operating software was set to perform up to five measurements until three To describe materials and experimental procedures adequately, it is occasionally necessary to identify commercial products by manufacturers' names or labels. In no instance does such identification imply endorsement by the National Institute of Standards and Technology, nor does it imply that the particular product or equipment is necessarily the best available for the purpose.
OUTCALT, LAESECKE, AND BRUMBACK agreed within 0.5% repeatability. The three runs were averaged to calculate the viscosity. The expanded uncertainty [8] of the viscosity data reported here is estimated to be 1.5% (coverage factor k 2) to account for variations in the constants C and E that occurred for calibrations with different viscosity standards and to a lesser degree for calibrations at different temperatures.
The design of the instrument, its calibration, and operation conform to the ASTM International (ASTM) standards D445, D446, and D2162 [9] [10] [11] , and the corresponding ISO standards 3104 and 3105 [12, 13] . Table 1 lists values of density, speed of sound, and derived adiabatic compressibilities for RP-1 and RP-2 at ambient pressure from 278.15 to 343.15 K. Adiabatic compressibilities were calculated from the measured densities and speeds of sound via the thermodynamic relation
Results
where V denotes volume, p is pressure, is the density, and w the speed of sound. The subscript s indicates "at constant entropy." The data for the speed of sound and adiabatic compressibility are depicted in Figs. 1 and 2, respectively. It can be concluded from Table 1 and Figs. 1 and 2 that the two fluids have very similar thermodynamic properties at atmospheric pressure. Listed in Tables 2 and 3 are measured values of compressed liquid density from 270 to 470 K to pressures of 40 MPa for RP-1 and RP-2, respectively. Also listed are density values extrapolated to 0.083 MPa for each temperature. These were obtained by fitting a second order polynomial to the isothermal data at pressures less than or equal to 10 MPa and extrapolating to 0.083 MPa. This extrapolation was performed to examine the consistency of the compressed liquid data with the measurement results at ambient pressure from the density and sound speed analyzer. Agreement between the data sets can be examined visually in Figs. 3 (RP-1) and 4 (RP-2). In the next section an analytical comparison of the two sets of density data is presented. Table 4 lists both the measured kinematic and derived dynamic viscosity data from 293.15 to 373.15 K at ambient pressure for RP-1 and RP-2. Dynamic or absolute viscosities were calculated from the measured kinematic viscosities according to by use of the correlation of the density data at atmospheric pressure, Eq. (3), that is described in the next section. These kinematic viscosity data are also represented graphically in Fig. 5 . It should be noted that of the properties reported here, the viscosity values exhibit the greatest difference between the two fuels. The viscosities of RP-1 are between 3 and 5% lower than those of RP-2 at the same temperatures, whereas their density, speed of sound, and adiabatic compressibility values differ by less than 1%. It is well known that viscosity reflects differences in molecular size, shape, and charge distribution with much greater resolution than other thermophysical properties. The differences between the two samples that were detected in the viscosity measurements are consistent with the significantly higher fraction of larger alkane molecules in RP-2 than in RP-1, and are detailed in the Test Samples section of this paper. 
Data Correlation
An informed choice of functional forms for data correlations can significantly enhance the value of experimental results and make them useful beyond the range of measurements [14] . Here, correlations are employed that represent the measurement results within their estimated uncertainty and can be extrapolated reliably beyond the measured temperature range. Because of the variability in samples of rocket propellants, it should be noted that the correlations provided here are specific to the samples studied in this work and should not be generically applied to hydrocarbon rocket propellants, nor should the extrapolations be applied when there is reasonable likelihood of chemical restructuring (e.g., cracking) that would significantly change the composition of the fluid.
Speed of Sound and Density
Until recently, the speed of sound of liquids was not often measured at atmospheric pressure because such instruments were not widely available. Consequently, there are no well-established correlating equations to represent such speed of sound data. Figure 1 suggests that the temperature dependence of the measured speed of sound data of the two rocket propellant samples is linear. However, a straight-line fit in temperature turned out to be insufficient to represent the data within their expanded uncertainty. A quadratic polynomial in absolute temperature T,
accomplished such data representation. Values of the adjustable parameters 1 to 3 and regression statistics are listed in Table 5 for both RP-1 and RP-2. The extrapolation behavior of the polynomials was examined up to 470 K and was found to be reasonable.
Densities of liquids at atmospheric pressure have been measured far more often than the corresponding speeds of sound. Therefore, well-established correlating equations have emerged that represent such density data over wide temperature ranges and extrapolate to physically meaningful values beyond the temperature range of experimental data. One such formulation is the Rackett equation,
where the parameter 6 is normally constrained to the critical temperature. Since the critical temperatures of the rocket propellants have not yet been determined, the parameter 6 was included in the nonlinear regression. The pressure and temperature dependences of the compressed liquid density data were correlated with the Tait equation, 
where T r is the absolute temperature T divided by 273.15 K. Parameters and statistics for the Rackett correlations are listed in Table 6 and those for the Tait correlations in Table 7 . Figures 6 and 7 illustrate deviations of the experimental data from the Rackett correlations for RP-1 and RP-2, respectively. In both figures, our high-pressure data extrapolated to 0.083 MPa, and the ambient pressure data show agreement within the estimated experimental uncertainty of 0.1% of the high-pressure data. Figures 8  and 9 illustrate the deviations of all experimental density data from the Tait correlations for RP-1 and RP-2. The RP-1 data are fit to within 0.07% by the Tait correlation, and the RP-2 densities to within 0.05%. The Tait equation of state is known for its reliable extrapolation behavior to considerably higher pressures than those measured. In our previous study of methyl-and propylcyclohexane [6] it was found that the Tait equation based on our measurements up to pressures of 40 MPa represented literature data up to 100 MPa within their experimental uncertainty of 0.1%. If higher uncertainty is acceptable, the Tait equation of state can be extrapolated to substantially higher pressures, however, extrapolation beyond 20 K of the temperature range of our measured data would not be recommended.
Figures 10 and 11 illustrate the isobaric thermal expansivity, p along isotherms as a function of pressure for RP-1 and RP-2, respectively. The isobaric thermal expansivity coefficients were obtained analytically by differentiating the Tait equation (4) according to the thermodynamic relation .
Many studies have shown that the isobaric thermal expansivities of pure liquids exhibit certain pressures where their isotherms cross and where the isobaric thermal expansivity does not depend on temperature [15] . This feature can be seen in Figs. 10 and 11 for both fuels at approximately 70 MPa, although it appears that it may be at a slightly lower pressure for RP-2. However, only the isotherms from 270 to 390 K intersect at this point, whereas crossovers of higher isotherms move to higher pressures.
Viscosity
A dual approach was taken to correlate the viscosity data at atmospheric pressure within their experimental uncertainty and with reliable extrapolation behavior. The combination of these two objectives is more difficult to fulfill for viscosity than for the other measured properties. The industrial importance of an accurate knowledge of viscosity-temperature dependences of liquids and their reliable extrapolation is signified by ASTM D341 [16] .
A large number of empirically extended functional forms have been tried for representing viscosities of liquids over wide temperature ranges [17] . To represent the steep rise of viscosity with decreasing temperature, Vogel [18] , Fulcher [19] , and Tammann and Hesse [20] modified the original Arrhenius exponential in inverse temperature that arises from kinetic theories of liquids by an additional parameter, here denoted 12 :
which marks a hypothetical temperature where the viscosity becomes infinite. T r is the absolute temperature T divided by 273.15 K. This Vogel-Fulcher-Tammann (VFT) correlation is Fig. 9 Deviations of all measured density data of RP-2 from the modified Tait correlation, Eq. (4). written here in terms of kinematic viscosity (momentum diffusivity) with the dimensioning factor 0 , but it is equally applicable to the dynamic or absolute viscosity . At temperatures above the singularity marked by 12 , Eq. (7) represents a hyperbola whose curvature does not change sign. This feature limits the range of applicability of the VFT correlation towards higher temperatures because the viscosity of liquids does exhibit inflection points in that region. Therefore, systematically too high viscosities are obtained when VFT correlations based on data at low temperatures are extrapolated to temperatures above those that were measured.
One form that is successfully applied to a multitude of compounds in the Design Institute for Physical Properties (DIPPR) Project [21] and in the NIST ThermoData Engine [22] contains two temperature terms in addition to the original exponential in inverse temperature, and five adjustable parameters:
This correlation is capable of representing an inflection of the viscosity-temperature dependence at higher temperatures, while the power law term amplifies the inverse temperature exponential to capture the steep increase of viscosity at low temperatures.
The viscosity data for RP-1 and RP-2 in Table 4 , measured from 293.15 to 373.15 K, were correlated well within their estimated experimental uncertainties with both forms, the VFT equation in Eq. (7), as well as Eq. (8) . Root mean square (RMS) deviations with the VFT equation in Eq. (7) are 0.104% for the RP-1 data and 0.19% for the RP-2 data. Equation (8) represents the data with root mean square deviations of 0.093% for RP-1 and 0.14% for RP-2. The parameters for Eq. (7) are listed in Table 8 together with their standard deviations which are much smaller than the parameter values indicating that they are statistically significant. The parameters for Eq. (8) are listed in Table 9 , and their standard deviations are much larger than the parameter values, indicating that they are statistically not significant, as five adjustable parameters were determined by nonlinear least-squares regression from nine measured viscosity data for each sample. The parameters for Eq. (8) are given here nevertheless because this correlating equation is superior to Eq. (7) in its extrapolation behavior beyond the temperature range of the viscosity measurements. At temperatures below 293.15 K, Eq. (8) yields increasingly higher viscosities than Eq. (7), with the difference reaching 10% at about 240 K. At temperatures above 373.15 K, Eq. (8) yields decreasingly lower viscosities than Eq. (7), with the difference reaching 10% near 480 K.
Conclusions
Density, speed of sound, and viscosity, along with data for the derived properties of adiabatic compressibility and isobaric thermal expansivity, have been presented for rocket propellants RP-1 and RP-2 over the combined temperature range from 270 to 470 K with pressures to 40 MPa. These data provide valuable information in the effort to formulate accurate equations of state for these fuels. For instance, the viscosity data accurately reflect the compositional differences between the two fuels. Additionally, the derived properties of adiabatic compressibility and isobaric thermal expansivity help us to further understand the chemical complexity of these fluids and give insight into possible advantages and or disadvantages of the chemical formulations of future rocket propellants. In this work, an emphasis was placed on enhancing the value of the data beyond the range in which they were measured by informed choices of correlations that yield physically meaningful results when extrapolated. 
